Background: Hepatitis C virus (HCV) is a leading cause of chronic liver disease. As yet there is no approved vaccine protects against contracting hepatitis C. HCV seriously affects many people's health in the world. Methods: In this article, an epidemiological model is proposed and discussed to understand the transmission and prevalence of hepatitis C in mainland China. This research concentrates on hepatitis C data from Chinese Center for Disease Control and Prevention (China's CDC). The optimal parameters of the model are obtained by calculating the minimum chi-square value. Sensitivity analyses of the basic reproduction number and the endemic equilibrium are conducted to evaluate the effectiveness of control measures. Results: Vertical infection is not the most important factor that causes hepatitis C epidemic, but contact transmission is. The proportion of acute patients who are transformed into chronic patients is about 82.62%. The possibility of the hospitalized patients who are restored to health is about 76.24%. There are about 92.32% of acute infected are not treated. The reproduction number of hepatitis C in mainland China is estimated as approximately 1.6592.
such as sharing injection equipment, inputing the contaminated blood or blood products, tattooing [10] . As yet there is no approved vaccine to protect against contracting hepatitis C. The focus of prevention efforts should be safe blood supply in the developing world, safe injection practices in health care and other settings, and less amount of people who inject drugs [11] . In those persons who do develop symptoms, the mean time period from exposure to symptom onset is 3-12 weeks (range: 2-24 weeks) [12, 13] . HCV infection has both acute and chronic forms, the incubation for chronic HCV can be between 14 to 180 days [12] . Acute hepatitis C infection is hard to diagnose, because 70% to 80% of the patients are symptomless [13, 14] . Most of them are unconscious of their exposure to HCV, and fail to get diagnosed in time until the occurring of the secondary symptoms to the liver. Some studies show, however, the acute infection phase is very impressionable to treatment, so it is an unique occasion to prevent the evolution of chronic infection [15] . Chronic hepatitis C can bring about cirrhosis and HCC. The average rate of progression of the disease is extremely slow. Using data collected in Japan, investigators estimate that, following acute infection, chronic hepatitis could be ensured 13.7 ± 10.9 years later, chronic active hepatitis could be ensured 18.4 ± 11.2 years later, cirrhosis of the liver could be ensured 20.6 ± 10.1 years later, and hepatocellular carcinoma could be ensured in 28.3 ± 11.5 years [16, 17] .
Some mathematical models were used to analyze the spread of hepatitis C disease and come up with some effective strategies. Martcheva M and Castillo-Chavez C [10] considered an epidemiological model with a chronic infectious phase and variable population size, and the analysis consequences revealed that treatment strategies directed forward speeding up the transition from acute to chronic stage in effect conduce to the eradication of the diseases. This model was extended by Das P et al. [15] who incorporate the immune class and was also extended by Yuan J [18] who consider the latent period. Imran M [19] formulated epidemic models of hepatitis C considering an isolation class and analyzed the effects of the isolation class on the transmission dynamics of the disease. Mathematical modeling of hepatitis C treatment for injecting drug users (IDUs) were studied in [20] [21] [22] where the treated individuals are supposed not to infect the susceptible individuals. Lately, there are some researches [23, 24] about hepatitis C epidemic cases which suggest some measures to control hepatitis C infection continental China. But these models did not consider the vertical infection. It is not effortless to diagnosis due to the shortage of the residents' consciousness and the characteristics of the patients with hepatitis C, so it is probable that patients will transmit HCV to their children.
The aim of this work is to use mathematical modelling to investigate the influences of hepatitis C, then probe and draw some conclusions about effective policy. The organization of this paper is as follows. In the next section, an epidemic model for hepatitis C is proposed to prevent and control the infectious disease. Then we acquire its optimal parameter values by Matlab tool fmincon and compare the reported data and simulative results. Sensitivity analyses of the basic reproduction number and the endemic equilibrium are performed in "Results" section. After that, discussion on the model parameters and the main factors affecting the spread of hepatitis C in "Discussion" section, and we end this article with how to control the hepatitis C in "Conclusions" section.
Methods

Data
We have found clinical cases of hepatitis C in China every month from 2011 to 2016 from the China Center for Disease Control and Prevention (China's CDC), which is a public welfare institution organized by the Chinese government to implement state-level disease prevention and control and public health technology management and services. China's CDC conducts monthly statistics on patients infected with hepatitis C virus in mainland China (i.e., except Hong Kong, Macao and Taiwan) [25] including gender, occupation, date of birth, address, date of onset, date of diagnosis, especially the classification of the disease, which is marked as a clinically diagnosed case.
In general, it is unreasonable to determine HCV infections just by relying on HCV antibody positive which just means you were infected before. To determine whether infected with HCV, HCV-RNA test needs to be done. Once the HCV-RNA test results indicate that the outpatient is infected with the hepatitis C virus, he or she will need hospitalization. In the case of ignoring the patient's home treatment, we believe that the data provided by the China's CDC is the number of hospitalizations.
By producing re-sampling a larger artificial data set, which is generated based on the existing limited reported monthly data, using the linspace function from Matlab (the Mathworks, Inc.), we interpolate the 12-month data and turn into 365-day data. In order to keep the total number of data, the interpolation formula of each year as following:
where, D 1 (s i ), i = 1, 2 · · · , 12, denote the 12-month actual data, D 2 (t j ), j = 1, 2 · · · , 365, denote the 365-day data after the interpolation.D 2 (t j ), j = 1, 2 · · · , 365, denote the 365-day data after the zoom. With the aid of linear interpolation, we will obtain more useful data, and the fit results will be better. We still give a comparison chart for each month's case data and simulative data.
Model formulation
In order to study the epidemic of hepatitis C in China, we consider the hepatitis C model is homogeneous mixing-an individual has an equal chance of contacting any individual among the population, by ignoring the impacts of the space structure and seasonal changes to simulate the data year after year, and we assume that natural birth rate is equal to natural mortality.
The mathematical model for hepatitis C to understand the transmission dynamics and prevalence consists of a system of ordinary differential equations, where population is divided into six subgroups: susceptible S(t), exposed E(t) (defined as not infected but infectious), acute infection I a (t), chronic infection I c (t), treated T(t) and recovered R(t) individuals. The total population size is denoted by
New susceptible individuals enter into the S compartment with a recruitment rate . Let μ be the natural birth and death rate of the population. By the influence of their parents, generations of the individuals in the E(t), I a (t), I c (t) may be infected with HCV at rate of l, m, n, respectively. This is what is called vertical infection. Susceptible individuals are infected by contacting with patients in the E(t), I a (t), I c (t) compartments at rates of β 1 , β 2 , β 3 , respectively. Once infected, the individuals move into the exposed compartment (E) and then progress to the acute stage at a rate of σ . In the acute stage, the individuals may die at rate of d 1 . Let α be the transition rate for the acutely infected individuals. In the conversion of acute infection, the individuals will restore health relying on their own immune system with the ratio ρ 1 , progress to the chronic stage with the ratio ρ 2 , go to the hospital for treatment with the ratio 1 − ρ 1 − ρ 2 . At the same, the individuals may die at rate of d 2 in the chronic stage. Let δ be the transition rate for the chronically infected individuals. In the conversion of chronic infection, the individuals will restore health relying on their own immune system with the ratio p 1 , go to the hospital for treatment with the ratio 1 − p 1 . Individuals in the treated compartment (T) who have the transition rate of λ, succeed in clearing HCV and move to the recovered compartment (R) with the ratio η 1 , while the others fail and move back to the chronic stage with the ratio 1 − η 1 . Individuals in the R compartment lose their immunity and eventually return to the susceptible compartment (S) at rate of γ . The schematic flow diagram illustrating the transmission dynamics of the HCV infection with treatment are illustrated in Fig. 1 . And the biological meanings and acceptable ranges of all parameters are listed in Table 1 .
The model is represented by the following system of ordinary differential equations:
The biologically feasible region = {(S, E, I a , I c , T, R) ∈ R 6 + : S + E + I a + I c + T + R < μ } is a positively invariant set of system (1) .
The basic reproduction number (R 0 ) represents the number of infected during the initial patient's infectious (not sick) period. What this threshold will do determine whether a disease will die out (if R 0 < 1) or become epidemic (if R 0 > 1). For models with complex dynamics, R 0 < 1 is not the only condition to guarantee that the disease is extinct, but the smaller the better. Following Van den Driessche P and Watmough J [26] , the basic reproduction number for the model (1) is given by the formula:
where, R 01 =
. R 01 , R 02 and R 03 represent the average numbers of the infected individuals by a single exposed, acute infection or chronic infection individual in a fully susceptible population, respectively. R 04 , R 05 and R 06 represent the average numbers of the infected infants by the exposed, acute infection or chronic infection parents, respectively. They represent the contributions of the 6 HCV transmission ways to the the basic reproduction number R 0 .
Parameter estimation
In this section, we first use model (1) to simulate the reported hepatitis C data of China from January 2011 to December 2016 to predict the trend of the disease and seek of some preventions and control measures. The data are obtained mainly from epidemiologic bulletins published by the China's CDC [25] . Assume that the person's natural death follows a uniform distribution, then natural death rate is calculated as μ = 1/(74. 
with the MATLAB (the Mathworks, Inc.) tool fmincon that is a part of optimization toolbox. Where,
show the true value each month,T(t i ), i = 1, 2, · · · , 72 show the estimated value each month. Fmincon function is a Matlab function for solving the minimum value of constrained nonlinear multivariate function. Fmincon implements four different algorithms: interior point, sequence quadratic program (SQP), active set, and trust region reflective. In this paper, we choose the SQP algorithm to solve the optimal solution of model (1) . MATLAB SQP method is divided into three steps: firstly, update the Lagrangian Hessian matrix, then solve the quadratic programming problem, and finally calculate the one-dimensional search and objective function. According to the epidemiological characteristics of hepatitis C and the biological significance of the parameters, we set the lower and upper boundaries of each parameter, as shown in Table 1 . Although the outbreak of hepatitis C is not seasonal, it still has a certain periodicity. Our model does not have a periodic solution, so we can only simulate the annual parameter values separately. The simulated annual parameter values are shown in Table 2 . Taking year as the research unit, the parameters of the model (1) vary from year to year because of the annually different natural conditions and environmental factors, but the same parameters are not significantly different in different years.
The values of the various parameters in Table 2 are in days. We calculated the numbers of the treated in each month of each year according to the optimal simulation parameters, then, compared it with the reported hepatitis C data in China from 2011 to 2016 per month. We use two broken line diagrams, as shown in Fig. 2 . The data presented in Fig. 2 refers to the clinical data from China's CDC, denoted by T. And the numerical results are found to be a good match with the data of hepatitis C in China 
The actual data The simulative results (1) then, using the optimal parameter values of the model in 2011 as the starting value, we have found the optimal parameter values of each subsequent year through continuous simulation. Where, the optimal values of parameters are listed in . Hence, vertical infection is not the main factor that cause hepatitis C epidemic, but transmission of HCV from exposed and infection to others is the most important factor. We will discuss this argument again in next sections. However, because of China's big population base, vertical infection is still worthy of our attention.
Results
Sensitivity analysis of R 0
In this section we performed a sensitivity analysis of the basic reproduction number to determine several parameters that have the most influential parameters on the prevalence and transmission of hepatitis C. Sensitivity analysis is a useful tool to identify how closely input parameters are related to predictor parameters and it helps to determine level of change necessary for an input parameter to find the desire value of a predictor parameter [32, 33] . If a small change in a parameter can cause a large change in the number of the basic reproduction number, then this parameter is called a sensitivity factor, otherwise called an insensitive factor. In this section, following Samsuzzoha M's [32] method, we used the 2015 simulated parameter values to perform a sensitivity analysis of the basic reproduction number, thus we can put some effective control strategies of HCV. The sensitivity indices of each parameter to the basic reproduction number R 0 are shown in Table 3 .
We can observe that β 2 , β 1 , β 3 , ρ 2 , l, n, m, λ, (σ , α, δ, η 1 , p 1 , ρ 1 ) have positive (negative) impacts on R 0 . The sensitivity indices and corresponding % value needed to affect a 1% decrease in R 0 are shown in Table 3 (e.g., in order to decrease the value of R 0 by 1% it is necessary to decrease the value of β 2 by 1.7945% or increase the value of σ by 2.7973%.) The greater absolute value of the sensitivity index, the more sensitive the parameter is to R 0 . Therefore, the most sensitive parameter for R 0 is β 2 followed by Table 3 , we can see that parameters l, m, n can be negligible on the influence of the basic reproduction number (R 0 ) compared with the most sensitive parameters β 2 , β 1 , σ , α. Hence, vertical infection is not the main factor that cause hepatitis C epidemic in China. In the "Conclusions" section, we will put forward some specific human intervention measures according to the results.
Sensitivity analysis of the endemic equilibrium
In this section, we do a sensitivity analysis of the endemic equilibrium to determine the relative importance of the different parameters which are responsible for the prevalence of equilibrium disease. Using the method from Samsuzzoha M [32], we calculate the sensitivity indices of the endemic equilibrium. The relevant detail calculation is shown in Appendix, and the parameter values are shown in Table 4 by using the parameters values of 2015 given in Table 2 . We can see that: the most sensitive parameter for S * is α followed by p 1 , β 2 , ρ 2 , β 1 , σ , δ, η 1 , ρ 1 , β 3 , l, n, m and λ. The most sensitive parameter for E * is σ followed by β 2 , β 1 , α, p 1 , δ, β 3 , ρ 1 , ρ 2 , η 1 , l, n, λ and m. The most sensitive parameter for I * a is α followed by β 2 , β 1 , σ , p 1 , δ, β 3 , ρ 1 , ρ 2 , η 1 , l, n, λ and m. The most sensitive parameter for I * c is ρ 2 followed by δ, β 2 , β 1 , σ , η 1 , α, p 1 , β 3 , ρ 1 , l, n, λ and m. The most sensitive parameter for T * is β 2 followed by β 1 , σ , ρ 1 , λ, ρ 2 , η 1 , α, p 1 , β 3 , δ, l, n and m. The most sensitive parameter for R * is β 2 followed by p 1 , ρ 2 , β 1 , σ , α, η 1 , ρ 1 , β 3 , δ, l, n, λ and m. For the above analysis, we can see that the sensitivity of the four parameters β 1 , β 2 , α, σ are at the top of the sensitivity indices of the endemic equilibrium, especially for I * a , and the sensitivity of ρ 2 , δ, β 2 , β 1 , σ are at the top of I * c . So if we want to reduce the number of cases, we can propose specific preventive control measures from these parameters in the "Conclusions" section.
Discussion
From Table 2 , according to discuss the arithmetic means of parameters of our model, we have some conclusions as follows:l = 5.00% (e.g.,l = 1 6 2016 i=2011 l i , the method of calculating the average value of other parameters is the same.),m = 3.37%,n = 4.91%, these suggest that the probabilities of exposed, the acute and the chronic patients spread virus to their kids on hepatitis C are about 5.00%, 3.37% and 4.91%, respectively.ρ 1 = 9.70%, it shows that the proportion of patients who recover naturally in all acute patients is about 9.70%.ρ 2 = 82.62%, it shows that the proportion of acute patients who turned into chronic patients is about 82.62%. From Chen SL [13] , approximately 75% − 85% of infected patients do not clear the virus in 6 months, and become chronic hepatitis patients. 1 −ρ 1 −ρ 2 = 7.68%, it indicates that the proportion of acute patients who are treated in hospital is about 7.68%. This result is similar to that of Cox AL's [34] , he denotes that 95% of infected are not treated.η 1 = 76.24%, it suggests that the proportion of the resident patients who can recover is about 76.24%. From Seeff LB [35] , about 80% of HCV-infected individuals seem to be no progression to end-stage liver disease, but 20% who get histologic fibrosis and cirrhosis will develop into serious end-stage liver disease. And in our paper, 1 −η 1 = 23.76%, it suggests that the proportion of the resident patients who failed to recover is about 23.76%, while we don't consider that chronic patients develop histologic fibrosis and cirrhosis, which will be our follow-up work. 1/γ ≈ 1226.03 days, i.e., 3.36 years, it suggests that the average time that the antibody disappear is about 3.36 years. 1/σ ≈ 29.12 days, it shows that the average incubation time is about 29.12 days. 1/δ ≈ 10.39 days, it shows that the average period of chronic patients deciding whether to be treated or not is about 10.39 days. Then, these conclusions have been conformed to the actual situation [1, 25] .
According to the values of the parameters and sensitivity analysis of the basic reproduction number and the endemic equilibrium, we can find that vertical infection is not the primary cause of hepatitis C epidemic in China, the reasons are as follows:
(1)R 04 = 6.07 × 10 −5 ,R 05 = 4.9 × 10 −5 ,R 06 = 8.85 × 10 −6 , these represent the average contribution from the generation of the exposed, the acute and the chronic to the basic reproduction number (R 0 ), respectively. We can observe that vertical infection has little influence on the spread of hepatitis C.
(2)From the result of the sensitivity analysis of R 0 , we can find that parameters l, m, n have negligible influence on the spread of hepatitis C, compared to the most sensitive parameters β 2 , β 1 , σ , α (see Table 3 for details).
(3)From the sensitivity analysis of the endemic equilibrium, we can see that parameters l, m, n are not sensitive to it. So reducing the transmission rate of vertical infection has no influence on controlling the scale of patients with HCV (see Table 4 for details).
Therefore, it is reasonable to ignore vertical infection in the existing hepatitis C dynamics models [10, 15, [18] [19] [20] [21] [22] [23] [24] . Contact transmission (such as injecting contaminated blood, using public syringe, sexual behavior and so on) is the main factor for the epidemic of the hepatitis C in China, the reasons are as follows:
(1)R 01 = 0.6759,R 02 = 0.8529,R 03 = 0.1303 represent the average contribution of the exposed infection, the acute infection and the chronic infection to the basic reproduction number (R 0 ), respectively. We can find that contact transmission has great effect on the spread of hepatitis C.
(2)From the result of the sensitivity analysis of R 0 , we can find that the sensitive indexes of the parameters β 1 (the second), β 2 (the first), β 3 (the fifth) are extremely large (see Table 3 for details).
(3)From the result of the sensitivity analysis of the endemic equilibrium, we can see that the parameters β 1 , β 2 , β 3 are sensitive to it. So reducing the transmission rate β 1 , β 2 , β 3 can effectively control the scale of patients with hepatitis C (see Table 4 for details).
In addition, the exposed and the acute infection tend to be asymptomatic, so the susceptible have more chance to contact them. Therefore, contact transmission is the main reason for the epidemic of hepatitis C in China.
Conclusions
In this paper, we constructed an SEI a I c TR dynamic model for hepatitis C transmission based on the reported data from China's CDC to search the most influential parameters. From the last line in Table 2 , the basic reproductive number R 0 in each year is larger than 1. Thus, we conclude that HCV will persist in China under the current conditions. As a matter of fact, there is no effective vaccine for HCV, but if we can provide some preventive measures to control the HCV, it will be very meaningful.
Next, we selected the data of 2016 to simulate the future prevalence trend of hepatitis C in China under various circumstances, and the results were shown in Fig. 3 . We can observe that β 2 , β 1 , α and σ are the most sensitive parameters comparing with the others because just slight changes can achieve the goal of control. These existing measures to control and prevent HCV can be essentially attributed to how to reduce β 2 and β 1 . Based on the discussion in this paper, it is vitally important not only to reduce β 2 and β 1 , but also to increase α and σ . In addition, it is more effectively to reduce β 2 and β 1 than to reduce β 3 precisely because chronic patients will pay more attention to the contact with others and do a good job of protection than those who do not show symptoms in the incubation and acute period.
Based on the above analysis, we propose some preventive measures as follows:
(1) It can control the spread of the HCV by reducing infection rate of contacting with the exposed and the acutely infected to the susceptible (β 1 and β 2 ) (see Fig. 3 ). Therefore, it is vital to advocate public education so that we can understand the spread of HCV well and reduce the probability of contacting with the patients. For example, avoid unnecessary injection, transfusion and using of blood products unless go to formally medical health institutions. It is necessary to disinfect strictly for bloody items and the humoral pollutants. Stay away from drugs and educate intravenous drug users to let them know the harm of impurity injection and give them some advice about drug rehabilitation.
(2) It can control the spread of HCV at a lower level by shortening the diagnosis time of acute infection (1/α) and the hesitant time for being treated of chronically infected patients (1/δ) (see Fig. 3 ). That is, improve the transition rates of the acute (α) and chronic infection patients (δ), especially for α, which has extremely high sensitivity not only to the basic reproduction number but also to the endemic equilibrium. If we often do exercise to improve our immunity, even if we are infected by HCV, we can restore health by autoimmunity. Check your body regularly, and hospital treatment can prevent the disease from aggravation. Although some HCV patients will recover after a period of oral medication at home, it is still necessary to encourage more chronic patients to receive treatment in hospital as quickly as possible, after all, it is more likely to recover and it could contact with less patients in the process of rehabilitation, so that the risk of being infected is also smaller for the susceptible.
(3) It can effectively control the spread of HCV by reducing the diagnosis time of exposed (1/σ ), i.e., improve the rate of progressing to acute stage from the exposed stage (σ ) (see Fig. 3 ). Thence, once we fell uncomfortable, we should go to a hospital for diagnosis in time, because the earlier you detect of the illness and treat, the more possibility you can recover [36] .
(4) Reduce the proportion of chronic infection from acutely infection population ρ 2 (see Fig. 3 ). From Tables 3  and 4 , we can see that it is very sensitive to the basic reproduction number and the endemic equilibrium. So it is meaningful to received timely treatment, which can reduce the source of infection. Because 70% to 80% patients are asymptomatic [13, 14] , it is difficult to diagnose acute HCV infection. But some studies suggest that acute infection stage is very sensitive to treatment, and it is an unique opportunity to prevent the evolution of chronic infection [15] .
(5) It can control the number of patients in a relatively small size by improving recovery rate of hospitalization η 1 . It is not sensitive to the basic reproduction number, but it is sensitive to the endemic equilibrium. It need not only patients cooperate with treatment actively but also relevant departments study new and effective medicine for the treatment of HCV [37] [38] [39] . It can improve the recovery rate of patients. Table 2 , respectively, when one parameter takes a specific value, the other parameters take the value of the seventh column in Table 2 In a word, if we can implement these control measures, HCV will be controlled well, and with the time flies, the number of patients will decrease.
Appendix
By the parameters value of 2015 given in Table 2 Finally, the sensitivity index of the point of endemic equilibrium, x * i to the parameter, y j is given by 
